Introduction {#sec1}
============

Curcumin is a natural polyphenolic compound extracted from the rhizome of the herb *Curcuma longa* and has many pharmacological effects, such as antioxidation, anti-inflammatory, antibacterial, antiviral, antifungal, and antitumor.^[@ref1]−[@ref5]^ However, curcumin is difficult to dissolve in water, and its biological utilization is low. In addition, curcumin is stabilized in a solution with a pH \< 6.5, and the degradation rate is significantly accelerated as the pH value of the solution increased. These properties of curcumin seriously limit its clinical application.^[@ref6]−[@ref9]^ As we know, liposomes have shown great potentials in drug delivery due to its drug-loading capacity, avoiding immune response, biodegradability, and biocompatibility.^[@ref10]−[@ref12]^ Liposomes are composed of a hydrophobic lipid bilayer and a hydrophilic inner aqueous chamber; lipophilic drugs can distribute in lipid bilayers in high percentages.^[@ref13]−[@ref15]^ Therefore, the liposomes as the carrier of curcumin have obvious advantages and several recent studies have confirmed this.^[@ref16]−[@ref20]^ Our previous study also found that the water-solubility and stability of curcumin were significantly improved after encapsulating it into liposomes.^[@ref21]^

However, the application of liposomal curcumin is still limited due to their rapid clearance from the systematic circulation.^[@ref22],[@ref23]^ Liposomes will be quickly absorbed by the reticuloendothelial system and rapidly cleared from blood circulation after they enter the body.^[@ref24],[@ref25]^ It has been demonstrated that liposomes will be coated by a series of plasma proteins immediately upon their entry in the blood. These plasma proteins include immunoglobulin (IgG) and complement which play important roles in opsonization. Their adsorption onto the liposomes will lead to the uptake of the liposomes by the macrophages associated with their corresponding receptors expressed on the phagocyte surface.^[@ref26]−[@ref28]^ Hence, coated by a series of plasma proteins is one substantial cause for liposomes being quickly absorbed by the reticuloendothelial system and rapidly cleared from blood circulation. Therefore, how to reduce the adsorption of plasma proteins especially IgG and complement to liposomes is the key to prolong the circulation time of liposomes. In the past decade, among the technologies for inhibiting proteins adsorption, the method to modify the surface of the liposomes with hydrophilic molecules such as poly(ethylene glycol) (PEG) has been the most commonly used.^[@ref29]−[@ref32]^ Progress is made; however, the results vary in different reports.^[@ref33]−[@ref35]^

In recent years, there have been more and more studies on the liposomes--plasma protein interaction, but unfortunately, no one has proposed how to use this effect to solve the problem.^[@ref24],[@ref36]^ As we know, albumin is one of the most abundant proteins in plasma, which can transport and detoxify, and has a plasma half-life of more than 15 days. It is also widely used as a drug carrier due to its ready availability, biocompatibility and long circulation time.^[@ref37]−[@ref39]^ Most importantly, albumin is a component in the plasma protein corona absorbed by liposomes.^[@ref40]^ Therefore, it is possible to extend the plasma half-life of liposomes by adsorbing albumin onto the surface of the liposomes. However, many other plasma proteins have stronger adsorption to liposomes, and albumin is at a disadvantage in competitive adsorption. We have done a lot of work on this, and our previous studies found that preformation of an albumin corona around the nanoparticles can reduce the macrophages phagocytosis of nanoparticles and prolong their circulating time.^[@ref41],[@ref42]^

Therefore, in the present study, albumin and liposomal curcumin were fully incubated *in vitro* to form a complex by the spontaneous adsorption of plasma proteins on liposomes. We expected without the competing adsorption of other plasma proteins that the surface of liposomal curcumin can form a stable albumin protective layer. It is hoped that coating albumin can reduce the phagocytosis by macrophages and construct a long-circulating delivery system of liposomal curcumin.

Results and Discussion {#sec2}
======================

Characterization of Liposomal Curcumin (Cur-Lips) and BSA-Coated Liposomal Curcumin (BSA-Cur-Lips) {#sec2.1}
--------------------------------------------------------------------------------------------------

Particle size, ζ-potential, and encapsulation efficiency are important parameters for quality control of liposomes. The particle size and ζ-potential of Cur-Lips and BSA-Cur-Lips determined by dynamic light scattering (DLS) or electrophoretic light scattering are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, and the typical particle size and ζ-potential diagram are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Typical size and ζ-potential distribution graphs. (A, B) Typical particle size and ζ-potential distribution diagrams of Cur-Lips, respectively. (C, D) Typical particle size and ζ-potential distribution of BSA-Cur-Lips, respectively.](ao0c00930_0001){#fig1}

###### Size and ζ-Potential of Cur-Lips and BSA-Cur-Lips[a](#t1fn1){ref-type="table-fn"}

  samples         size (nm)                                     PDI                                             ζ-potential (mV)
  --------------- --------------------------------------------- ----------------------------------------------- ----------------------------------------------
  Cur-Lips        165.9 ± 3.6                                   0.221 ± 0.030                                   --14.0 ± 0.4
  BSA- Cur-Lips   189.1 ± 2.7[b](#t1fn2){ref-type="table-fn"}   0.173 ± 0.024[b](#t1fn2){ref-type="table-fn"}   --39.1 ± 0.5[c](#t1fn3){ref-type="table-fn"}

Data are presented as mean ± standard deviation (s.d.) (*n* = 3). Significant difference between Cur-Lips and BSA-Cur-Lips,.

*P* \< 0.05.

*P* \< 0.01.

As can be seen from [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the mean particle size of BSA-Cur-Lips is about 189 nm, significantly larger than that of Cur-Lips (*P* \< 0.05). Studies have shown that the biodistribution as well as imaging data indicate that the larger the liposomes, the higher their splenic uptake. The remarkably high and rapid splenic uptake of the 220 nm liposomes is most likely due to physical filtration rather than phagocytosis by spleen macrophages.^[@ref43]^ Therefore, in this study, the particle size of both Cur-Lips and BSA-Cur-Lips were controlled within 200 nm. Particle size polydispersity index (PDI) is an important index for evaluating liposomes. The PDI of BSA-Cur-Lips is significantly lower than Cur-Lips (*P* \< 0.05), indicating that compared with Cur-Lips, the particle size distribution in BSA-Cur-Lips is more uniform; that is, the formation of the complex improves the particle size distribution.

The morphology of Cur-Lips and BSA-Cur-Lips was observed by a scanning electron microscope (SEM). As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, BSA-Cur-Lips are spherical, more homogeneous in size, and significantly larger than Cur-Lips. These results are fully consistent with the PDI values and the size distribution graphs measured by dynamic light scattering technology and electrophoretic light scattering technology. However, interestingly, the ζ-potential of BSA-Cur-Lips is significantly lower than that of Cur-Lips (*P* \< 0.01). As we know, albumin is negatively charged, therefore, it is assumed that albumin adsorbed on the surface of Cur-Lips increases its particle size and reduces its ζ-potential.

![SEM images. (A) Cur-Lips and (B) BSA-Cur-Lips. Scale bar: 1 μm.](ao0c00930_0002){#fig2}

In this work, the encapsulation efficiencies of Cur-Lips and BSA-Cur-Lips are 80.61 ± 1.17 and 80.17 ± 2.72%, respectively. There is no statistical difference between the two, indicating that both Cur-Lips and BSA-Cur-Lips prepared in this experiment have good drug-carrying capacity, and the presence of albumin does not affect the encapsulation efficiency of Cur-Lips.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Coomassie Bright Blue Staining {#sec2.2}
-------------------------------------------------------------------------------------------------------

SDS-PAGE is an important and convenient qualitative method to identify the type of protein adsorbed on the nanomaterials. To verify that the increased size and reduced ζ-potential were attributable to the adsorbed bovine serum albumin (BSA), 12% SDS-PAGE and Coomassie bright blue staining were performed.

As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, there is no signal for Cur-Lips (band 2), while BSA-Cur-Lips (band 3) shows an obvious signal at the same molecular weight area, with standard BSA (band 1). These results prove the existence of BSA in BSA-Cur-Lips.

![Twelve percent SDS-PAGE and Coommas bright blue staining. Band (1): BSA standard; band (2): Cur-Lips; and band (3): BSA-Cur-Lips.](ao0c00930_0003){#fig3}

X-ray Photoelectron Spectroscopy (XPS) Analysis {#sec2.3}
-----------------------------------------------

SDS-PAGE can only confirm the existence of BSA, whereas XPS can help us confirm the location of BSA due to its ability of surface chemical elements analysis. To further verify the existence and location of BSA in BSA-Cur-Lips, XPS was applied and the surface contents of elements C, N, O, and P were analyzed.

As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, signals for elements C, N, O, and P can be found in both Cur-Lips and BSA-Cur-Lips, but their intensities vary. The detailed elements analysis is shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. We can see that as the contents of elements N and O increase, the contents of elements C and P decrease after the formation of BSA-Cur-Lips, which is consistent with the element intensities shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Because albumin contains a large amount of elements N and O, it is assumed that such changes undoubtedly resulted from BSA. Therefore, these results indicate BSA is stably located on the surface of BSA-Cur-Lips. It is assumed that the adsorption of albumin is largely due to the extremely high surface energy of Cur-Lips. In addition, the hydrogen bond formation, hydrophobic effect, and van der Waals forces may also be involved. In many studies, the automated HPLC-Chip technology coupled to a high-resolution mass spectrometer is employed for protein corona characterization.^[@ref24]^ These methods are effective but relatively complicated to implement. As far as we know, few studies have utilized XPS technology to confirm and characterize the composition of the albumin corona of liposomes, our research shows that it is an effective and simple method.

![XPS graphs of surface element analysis. (A) Cur-Lips and (B) BSA-Cur-Lips.](ao0c00930_0004){#fig4}

###### XPS Analysis of Surface Elements of Cur-Lips and BSA-Cur-Lips[a](#t2fn1){ref-type="table-fn"}

                 elements content (%)                                                                   
  -------------- --------------------------------------- -------------------------------------- ------- ------
  Cur-Lips       76.71                                   2.48                                   19.57   1.24
  BSA-Cur-Lips   74.52[b](#t2fn2){ref-type="table-fn"}   4.82[b](#t2fn2){ref-type="table-fn"}   19.73   1.14

Significant difference between Cur-Lips and BSA-Cur-Lips.

*P* \< 0.05.

*In Vitro* Release Study {#sec2.4}
------------------------

Drug release in the liposome delivery system is an important evaluation index. The presence of albumin may influence the release profile of BSA-Cur-Lips compared with Cur-Lips.

As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the cumulatively released amounts of BSA-Cur-Lips are significantly lower than that of Cur-Lips at all time points. This result indicates that the release of curcumin from BSA-Cur-Lips becomes substantially slower in the presence of the BSA. As we know, there are three ways for drug release from liposomes: (a) the drug molecules adsorbed on the surface of liposomes are released *via* desorption upon contacting with release medium, (b) the encapsulated drugs are released by diffusion through the liposomes skeleton, or/and (c) following the degradation or disintegration of liposomes.^[@ref44]^ It is assumed that in this study the adsorption of BSA onto the Cur-Lips surface can stabilize the particle skeleton to some extent. The enhanced stability can reduce the collapse of liposomes. In addition, the coated BSA acts as a physical barrier, can limit the permeation of curcumin into the release medium, and, in turn, slow down the release rate.

![*In vitro* release profiles of Cur-Lips and BSA-Cur-Lips in PBS containing 0.5% (m/v) of the Tween-80 (pH 7.4). Data presented as the mean ± SD (*n* = 3). \**P* \< 0.05.](ao0c00930_0005){#fig5}

Initial burst drug release is a very common phenomenon in many liposomes delivery systems and becoming a significant problem for efficient drug delivery. In the present study, we can see that no significant initial burst drug release effect is observed for both Cur-Lips and BSA-Cur-Lips. This is very difficult and important for liposomal curcumin.

*In Vitro* Phagocytosis by Raw264.7 Cells {#sec2.5}
-----------------------------------------

The recognition and phagocytosis by macrophages are an important way for the body to remove foreign substances. Liposomal curcumin entry into the body is also cleared by the phagocytosis of macrophages. It will be ineffective for the long circulation of the drug delivery system if a large number of particles are easily recognized and phagocytosed by macrophages after administration, no matter how stable they are.^[@ref45]^ Therefore, reducing the phagocytosis rate has a substantial impact on increasing the circulation time of Cur-Lips. In this study, the phagocytosis of Cur-Lips and BSA-Cur-Lips was investigated by mouse macrophages Raw264.7 cells.

As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, the fluorescence signals of curcumin in cells are concentration-dependent in both Cur-Lips and BSA-Cur-Lips groups; however, compared to those in Cur-Lips, the fluorescence signals in BSA-Cur-Lips groups are weaker at all concentrations. The detailed amounts of curcumin phagocytosed by macrophages are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, which are consistent with the immunofluorescence images given above. The phagocytosis of Cur-Lips and BSA-Cur-Lips by macrophages is concentration-dependent; at the same concentration, the phagocytosis of BSA-Cur-Lips is lower than that of Cur-Lips, and the difference is statistically significant (*P* \< 0.05). These results indicate that after coating BSA, the phagocytosis of Cur-Lips is significantly reduced. We speculate that the presence of albumin protective layer reduces the adsorption of complement and immunoglobulin to Cur-Lips, reduces its optonogenesis, and thus reduces the phagocytosis of macrophages. This is a critical property for long-circulating liposomes delivery system.

![Fluorescent micrographs of mouse macrophages Raw264.7 exposed to different concentrations of Cur-Lips and BSA-Cur-Lips. Scale bar: 100 μm.](ao0c00930_0006){#fig6}

![Phagocytosis amounts of Cur-Lips and BSA-Cur-Lips with different concentrations after incubation with mouse macrophages Raw264.7. Data are presented as mean ± s.d. (*n* = 3). \**P* \< 0.05.](ao0c00930_0007){#fig7}

At present, it has been recognized that the adsorption of plasma proteins by liposomes is an important reason for the rapid removal of liposomes.^[@ref27]^ Many strategies have been used to reduce the adsorption of plasma proteins by liposomes, in which the method to modify the surface of the liposomes with hydrophilic molecules such as poly(ethylene glycol) (PEG) has been the most commonly used. However, there are still some problems caused by this chemical modification, such as the stability and toxicity of PEGylated liposomes, the high production cost and the accelerated blood clearance after repeated injection, *etc*.^[@ref33]−[@ref35],[@ref46]^ Inspired by this, searching for a material that can overcome these disadvantages and possesses the similar effects to PEGylation may be an approach to solve this issue. In addition, in the last few decades, the interaction between liposomes and plasma proteins has attracted more and more attention and many related papers can be retrieved,^[@ref24],[@ref36],[@ref47]^ but few of them focus on how to utilize such interaction to optimize the liposomes-based drug delivery systems. Studies have shown that the adsorption of plasma proteins by liposomes is spontaneous and inevitable;^[@ref25]^ therefore, we probably can use this to search for the material that can replace the PEG. In the plasma protein corona absorbed by liposomes, albumin is an important component, but it is at a disadvantage in competitive adsorption.^[@ref48]^ As we know, albumin is an approved material for pharmaceutical use due to its ready availability, biocompatibility, and long circulation time.^[@ref37]^ Therefore, in this study, we choose the albumin to interact with liposomal curcumin and form a pure protein corona in advance. Our results indicate that this is an effective method to reduce the adsorption of plasma proteins by liposomes and its properties including low phagocytosis, slow drug release, enhanced stability, and nontoxicity give this system great prospects for practical use.

Conclusions {#sec3}
===========

In the present work, spontaneous adsorption of plasma proteins by liposomes was utilized to fully incubate albumin and Cur-Lips *in vitro* to form BSA-Cur-Lips. It is found that without the competitive adsorption of other plasma proteins, a stable albumin protective layer is formed on the surface of Cur-Lips. We have confirmed the formation of the BSA corona around Cur-Lips surfaces *via* size increases, SDS-PAGE, and X-ray photoelectron spectroscopy. Albumin can enhance liposome structure stability, act as a physical barrier, and slow down the release of Cur-Lips *in vitro*. More importantly, the phagocytosis by macrophages is significantly reduced after coating with albumin. Therefore, preformation of a BSA corona is a promising approach for developing a long-circulating delivery system of liposomal curcumin. Although further efforts investigating the *in vivo* behavior of the liposomal curcumin are needed to support its great applications for long-circulating delivery, its properties including low phagocytosis, slow drug release, enhanced stability, and nontoxicity provide it great potential to achieve that goal. This study provides a new idea for the construction of a long-circulating delivery system of liposomal curcumin, which has an important clinical significance.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Phospholipids (soybean lecithin for injection use, the content of phosphatidylcholine higher than 70%) were obtained from Shanghai Tai-Wei Pharmaceutical Co., Ltd., (Shanghai, China). Cholesterol, bovine serum albumin-V, and sodium deoxycholate were purchased from Ameresco (Solon, OH). Curcumin was purchased from Sigma (St. Louis, MO). Poloxamer 188 (F68) was obtained from BASF (China) Co., Ltd., (Shanghai, China). Coomassie bright blue was purchased from Sigma (St. Louis, MO). Chloroform was obtained from Kelon Co., Ltd., (Chengdu, China). Methanol was obtained from Comio reagent Co. Ltd. (Tianjin, China). All other chemical reagents used in this study were of analytical grade or better.

Preparation of Liposomal Curcumin (Cur-Lips) {#sec4.2}
--------------------------------------------

The Cur-Lips were prepared using a modified ethanol injection method according to our previous work.^[@ref21]^ Briefly, curcumin, phospholipid, and cholesterol were dissolved in ethanol as the organic phase and phosphate buffer solution (PBS, 0.001 mol/L, pH 7.4) with F68 was dissolved as the aqueous phase. The organic phase was slowly injected into the aqueous phase under magnetic agitation, and then the organic solution was removed by rotating evaporation for 30 min in a 37 °C water bath using a rotary evaporator under dark conditions. The obtained suspension was first used to remove the free curcumin by low-speed centrifugation (3000 rpm for 5 min), then the supernatant was discarded by high-speed centrifugation (16 000 rpm for 10 min), and the precipitate was resuspended in PBS (pH 7.4) to yield Cur-Lips. In this experiment, the mass ratio of phospholipid to cholesterol was 5:1, the mass fraction of F68 was 1%, the ratio of organic phase to water phase was 10:1, the final concentration of phospholipid was 10 mg/mL, and the final concentration of curcumin was 0.4 mg/mL.

Preparation of Albumin-Coated Liposomal Curcumin (BSA-Cur-Lips) {#sec4.3}
---------------------------------------------------------------

The BSA-Cur-Lips were prepared according to our previous reports.^[@ref41],[@ref42]^ Briefly, the prepared Cur-Lips and 20 mg/mL albumin solution were evenly mixed and incubated for 2 h at room temperature, and the precipitation was collected by centrifugation (16 000 rpm for 10 min). After fully cleaning and removing the unsolidly adsorbed albumin, double-steamed water was added into the precipitation to obtain BSA-Cur-Lips.

Characterization of Cur-Lips and BSA-Cur-Lips {#sec4.4}
---------------------------------------------

The particle size of Cur-Lips and BSA-Cur-Lips were examined by dynamic light scattering (DLS) technology. The particle size was presented by intensity distribution and the polydispersity index (PDI) was used to evaluate the uniformity of the size distribution; ζ-potential was determined by electrophoretic laser scattering (ELS) technology using Zetasizer Nano ZS90 (Malvern Instruments Ltd., Malvern, U.K.) at 25 °C. The morphology of Cur-Lips and BSA-Cur-Lips was observed by scanning electron microscope (SEM, INSPECT F, FEI, Netherlands). Briefly, one drop of the properly diluted Cur-Lips or BSA-Cur-Lips suspension was placed on a clean glass sheet, followed by air-drying. The samples were coated with gold and then observed by SEM.

Encapsulation Efficiency (EE) Determination {#sec4.5}
-------------------------------------------

The encapsulation efficiencies of Cur-Lips and BSA-Cur-Lips were determined by a high-speed centrifugation method. An appropriate amount of Cur-Lips or BSA-Cur-Lips was centrifuged at a low speed (3000 rpm for 5 min) to precipitate nondissolved curcumin; then, the supernatant was subjected to high-speed centrifugation (16 000 rpm for 10 min) to separate Cur-Lips or BSA-Cur-Lips from the tiny dissolved curcumin. After centrifugation, the supernatant (1--10 mL) was diluted to the scale with anhydrous ethanol and filtered through a 0.22 μm organic filter membrane. The content of free curcumin was determined by fluorescence spectrophotometry (excitation: 458 nm; emission: 548 nm) in the supernatant and presented as *F*~1~, *i.e*., in addition, 1 mL of Cur-Lips or BSA-Cur-Lips was added to a 10 mL measuring bottle, anhydrous ethanol was added to the scale, and then the mixture was filtered through the 0.22 μm organic filter membrane. The content of free curcumin was determined by fluorescence spectrophotometry in the filtrate and presented as *F*~0~, *i.e*., the encapsulation efficiency (EE) of the curcumin was calculated using the following equation: EE% = (*F*~0~ -- *F*~1~)/*F*~0~ × 100%.

SDS-PAGE and Coomassie Bright Blue Staining {#sec4.6}
-------------------------------------------

To confirm BSA in the prepared BSA-Cur-Lips, 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie bright blue staining were carried out for Cur-Lips and BSA-Cur-Lips. Briefly, the freshly prepared Cur-Lips or BSA-Cur-Lips solution was separated by centrifugation (16 000 rpm for 5 min) and washed three times to get rid of the free BSA. Then, 12% SDS-PAGE gel electrophoresis was used for Cur-Lips and BSA-Cur-Lips, and finally the strips were stained by Coomassie bright blue.

X-ray Photoelectron Spectroscopy (XPS) Analysis {#sec4.7}
-----------------------------------------------

To estimate the location of BSA in the prepared BSA-Cur-Lips, surface element analysis was carried out for Cur-Lips and BSA-Cur-Lips by X-ray photoelectron spectroscopy analysis. Briefly, the freshly prepared Cur-Lips and BSA-Cur-Lips were condensed by filtering through a 0.22 μm microporous membrane, respectively. After washing with a large quantity of water, the free BSA was removed and Cur-Lips or BSA-Cur-Lips was gathered on the filter membrane. After natural drying, the chemical elements carbon (C), nitrogen (N), oxygen (O), and phosphorus (P) in these samples were analyzed using X-ray photoelectron spectroscopy.

*In Vitro* Release Study {#sec4.8}
------------------------

The *in vitro* release property of Cur-Lips and BSA-Cur-Lips was investigated using the dynamic dialysis method.^[@ref44]^ Briefly, 0.8 mL of Cur-Lips or BSA-Cur-Lips (final concentration of curcumin was 2 mg/mL) was added into dialysis bags with an interception molecular weight of 8000 Da (curcumin was allowed to pass only). After tightly bundling at two ends, the sample-loaded dialysis bags were soaked in 8 mL of release medium (PBS containing 0.5% (m/v) of the Tween-80, pH 7.4) and placed on a horizontal shaker (100 rpm, 37 ± 1 °C). The release medium was collected at fixed time intervals (0.5, 1, 2, 4, 6, 8, 24, 48, 96, 168, 264, 360, 480 h) and replaced with 8 mL of fresh release medium. The collected samples were stored at −80 °C. After the collection of all samples, the samples were centrifuged at 12 000 rpm for 3 min, and the contents of curcumin were analyzed by fluorescence spectrophotometry (excitation 458 nm; emission 548 nm).

*In Vitro* Phagocytosis by Raw264.7 Cells {#sec4.9}
-----------------------------------------

Raw264.7 cells were cultured with RPMI-1640 containing 10% fetal bovine serum (FBS) under standard conditions (37 °C, 5% CO~2~), and 50 000 cells/mL cell suspensions were prepared after digestion with trypsin. One milliliter of cell suspension was mixed with 0.5 mL diluted into a certain concentration of Cur-Lips or BSA-Cur-Lips and incubated at 37 °C in a centrifugation tube (the final concentration of curcumin in the resultant mixture was 0.3125, 0.625, 1.25, or 2.5 μg/mL). After incubation at 37 °C for 1 h, the free Cur-Lips or BSA-Cur-Lips was isolated by centrifugation (3000 rpm for 3 min), and the curcumin content in the supernatant was measured by fluorescent spectrophotometry after proper dilution (excitation 458 nm; emission 548 nm). The amount of curcumin phagocytosis by macrophages was calculated by the total amount of curcumin minus the amount of free curcumin. In addition, the cells were resuspended, and the fluorescent signals of macrophage phagocytosis of Cur-Lips and BSA-Cur-Lips were observed under a fluorescence microscope.

Statistical Analysis {#sec4.10}
--------------------

All assays in this study were repeated at least thrice. All of the data are presented as mean ± s.d. (standard deviation). The *t*-test was used for comparison between the two groups, and one-way analysis of variance was used to analyze differences among groups, which was considered to be statistically significant when the *P*-value was less than 0.05.
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